In twinning induced plasticity (TWIP) steel, the question of what leads to the onset of twinning in grains whose (100) orientations are near parallel to the tensile axis at high tensile strains has not been resolved. Using aberration corrected scanning transmission microscopy we present first-hand evidence that extrinsic stacking faults serve as nuclei for twins in (100) grains and also contribute to twin growth in a low carbon TWIP steel uniaxially tensile loaded up to its ultimate tensile strength of ~ 1080 MPa; which corresponds to a tensile true strain of 48%. The results corroborate and validate our previous Schmid factor¿based predictions on the feasibility of twinning nucleation via extrinsic stacking faults in (100) 
Introduction
The deformation behaviour of low stacking fault energy, face-centered-cubic (fcc), high Mn twinning induced plasticity (TWIP) steel during tensile loading has been the subject of interest in recent investigations [1] [2] [3] [4] . Over the last decade significant progress has been made in understanding the origin of twinning and their growth mechanisms 1 in fcc materials. It is accepted that for coarse-grained (>1 µm) fcc materials the formation of twins occurs by Shockley partial dislocations with 6〈112〉 ⁄ Burgers vectors (where a = lattice parameter) gliding on successive {111} slip planes. A very detailed overview of the mechanisms of twin formation in fcc metals was undertaken by Christian and Mahajan [5] . The possible twinning mechanisms could be divided into two main groups based on their source type [5] : (i)
prismatic [6] [7] [8] [9] [10] [11] [12] [13] or, (ii) glide [14] [15] [16] [17] [18] .
A characteristic of prismatic sources is that the partial dislocation which generates the twin is formed from dislocations with Burgers vectors that do not lie in the twin plane [5] ; for example, via the pole [7] and ratchet [9] mechanisms. Although Cottrell and Bilby [7] were the first to point out the possibility of single-layer twin formation via prismatic sources, Venables [19] and Hirth [9] suggested a modification of the pole mechanism that accounted for the continuous growth of twins from a single stacking fault.
Models using prismatic sources and dislocation barriers were also proposed by Cohen and Weertman [10] , Mori and Fujita [11] , Miura-Takamura-Narita (MTN) [12] and Niewczas and Saada [13] .
On the other hand, glide sources produce twins from dislocations with Burgers vectors that lie in the twin plane. The dislocations include those produced by the interaction of glide dislocations of the same slip system [14] , of primary and co-planar slip systems [16] [17] [18] or primary and cross-slip systems [15] .
Mahajan and Chin [14] proposed the dissociation of two co-planar perfect dislocations ( 2[011] ⁄ +
2[1 ̅ 01] ⁄
) into three Shockley partial dislocations ( 6[1 ̅ 12] ⁄ ) on two consecutive and adjacent (11 ̅ 1) planes resulting in an extrinsic stacking fault (ESF) that acts as a two-layered nucleus for twinning. Later 1 Throughout the text, the term growth mechanism refers to twin thickening.
on Mahajan [18] suggested that twins could also form directly from fault-pairs. In the latter case, both slip bands and twins lie in the same plane.
With respect to TWIP steels subjected to tensile loading, texture and microstructure characterisation via electron back-scattering diffraction [4] has shown: (i) the characteristic development of a relatively stronger 〈111〉 and a weaker 〈100〉 double partial fibre texture parallel to the tensile axis (|| TA).
(ii)
Twinning is promoted in grains whose 〈111〉 orientations are near parallel to the tensile axis (hereafter referred to as 〈111〉 grains) from the early deformation stages onwards. Twinning is sustained upon increasing tensile strain as more grains progressively rotate towards the 〈111〉 fibre. (iii) Lastly, the onset of twinning in grains whose 〈100〉 orientations are near parallel to the tensile axis (hereafter referred to as 〈100〉 grains) occurs at relatively high tensile strains.
The nucleation and dependence of deformation twinning on grain orientation in low stacking fault energy fcc materials is typically explained using the Schmid factor [1, 4, [20] [21] [22] ; which in turn, provides a geometric or crystallographic measure of the tendency of a certain orientation to deform by a particular deformation mode. Since the Schmid factor for twinning is higher than that for slip in 〈111〉 grains, twinning activity is promoted and sustained in those grains with increased tensile loading [3] . In this regard, Schmid factor analyses of twinning [1, 4] generally imply that twins nucleate via intrinsic stacking faults (ISFs); as the Schmid factor values for twinning and the leading partial of ISFs are equivalent [22] . In doing so, the onset of twinning in 〈100〉 grains (i.e.-orientations that are nominally regarded as being unfavourable to twinning/intrinsic faulting) at high tensile strains is considered a deviation from Schmid's law and ascribed to the localised stress concentration effect induced by neighbouring grain interactions [1, 4] .
Alternatively, Karaman et al. [21] pointed out that the Schmid factor for twinning will depend on whether an ISF or ESF acts as the twin nucleus. Since calculations considering twin nucleation from extrinsic faults were completely overlooked, we undertook Schmid factor predictions considering the leading partials of both, ISFs and ESFs [23] . In Ref. [23] , we were the first to clearly demonstrate the feasibility of ESFs to act as twin nuclei in orientations with nominally low Schmid factors for twinning (such as 〈100〉 grains).
Without considering grain orientation and its correlation with the macroscopic loading condition and/or direction, previous transmission electron microscopy (TEM) studies by Idrissi et al. [24, 25] identified ISFs as nuclei for deformation twinning in Fe-21Mn-1.2C 2 deformed at room temperature and
Fe-17Mn-3Al-3Si deformed at 186 °C. In Ref. [24] they reported that the dislocation reactions deviate from the pole mechanism and lead to twin nucleation [10] and that growth takes place by a secondary polar mechanism [19] . Contrarily, the same authors investigated Fe-28Mn-3.5Si-2.8Al deformed at room temperature and reported large, homogenously distributed ESFs acting as preferential sources for twinning nucleation [26] and stated that the Mahajan and Chin [14] mechanism could be operative at early strains whereas twinning through a stair-rod cross-slip mechanism [11] was operative at relatively high strains.
In summary, the question of what leads to the onset of twinning in 〈100〉 grains at high tensile strains is not resolved and can be ascribed to two reasons: (i) that the feasibility of ESFs to serve as twin nuclei has been completely overlooked, and (ii) that none of the earlier TEM -based studies correlated their observations of both ESFs and/or ISFs acting as twin nuclei with grain orientation and the macroscopic loading condition and/or direction.
Consequently, this paper focusses on correlating the type of faulting that leads to twinning in 〈100〉 and 〈111〉 grains of a low carbon TWIP steel uniaxially tensile loaded up to its ultimate tensile strength of ~1080 MPa; which corresponds to a tensile true strain of 48%. Aberration corrected scanning transmission electron microscopy (STEM) was used to identify the types of faults as well as provide hints as to the dislocation reactions that possibly led to twinning during tensile loading. Most importantly, the present results are in agreement with our previous Schmid factor -based predictions on the feasibility of twinning nucleation via ESFs and ISFs in 〈100〉 and 〈111〉 grains, respectively [23] .
On a correlated note, it should be kept in mind that the earlier TEM-based studies provided a variety of dislocation reactions that led to twinning. In the same vein, the possible dislocation reactions shown here should be interpreted with caution as the data corresponds to a low carbon TWIP steel uniaxially tensile loaded to its ultimate tensile strength of ~1080 MPa at 48% true strain.
Moreover, the internal structure and morphology of deformation twins in TWIP steels heavily depend on the carbon content of the alloy. As demonstrated by Idrissi et al. [27] , deformation twins in a high carbon Fe-20Mn-1.2C TWIP steel were finer and full of sessile dislocations compared to an Fe-28Mn-3.5Si-2.8Al TWIP steel with nominally no carbon. Consequently, the results shown here must not be readily applied to high carbon TWIP steels without prior characterisation; as faults and twinning mechanisms are subject to unique alloy chemistries as well as loading conditions and strain levels.
Experimental and analytical procedure
An Fe-24Mn-3Al-2Si-1Ni-0.06C TWIP steel was slab-cast, hot-rolled at 1100 °C to 52% thickness reduction and cold-rolled to 42% thickness reduction. A flat dog-bone shaped tensile sample of 25 mm gauge length, 5 mm width and 1 mm thickness was wire-cut from the centre of the cold-rolled strip. The gauge length and width of the tensile sample were parallel to the rolling and transverse directions of the cold rolled strip, respectively. Following this, the tensile sample was isochronally annealed at 850 °C to its fully recrystallised state. The heat treatment included 240 s of heating to a stable temperature followed by 300 s of soaking time and immediate water quenching.
Uniaxial tensile testing was undertaken on an in-house modified Kammrath and Weiss GmbH tensile stage operating in speed control mode at 5 μm·s -1 . The TWIP steel was loaded up to its ultimate tensile strength of ~1080 MPa which corresponds to a tensile true strain of 48%.
Extreme care was taken to ensure that each of the ⌀3 mm discs punched out from the gauge length contained a short chord parallel to the tensile axis. The chord is necessary to facilitate the identification of 6 grain orientation in the TEM. The discs were ground to ~70 µm thickness and twin-jet electro-polished using a solution of 90% methanol and 10% perchloric acid in a Struers Tenupol-5 operating at 30 V (~150 mA) and -30 °C.
Bright field images, selected area electron diffraction (SAED) patterns, atomic resolution STEM and high-angle annular dark field (HAADF) images were acquired on a probe-corrected, cold field-emission gun JEOL JEM-ARM200CF TEM operating at 200 kV. Since the rotation between the TEM image and the SAED pattern in this particular microscope is <1°, the task of identifying grain orientation is greatly facilitated. Diffraction patterns close to 〈110〉 zone axes were first acquired; after which the direction of the macroscopic tensile axis (delineated by the chord on the electro-polished discs) was superimposed on the SAED pattern to identify grains whose 〈100〉 and 〈111〉 orientations were parallel to the tensile axis ( Fig. 1 ).
The HAADF images were acquired with 50 and 180 mrad inner and outer collection angles respectively with a dwell time of 38 μs and a convergence solid angle of 25 mrad; resulting in a probe current of ~35 pA and a ~1 Å probe diameter . 
Results
There are inconsistencies and discrepancies in the literature related to the definition of ESFs and twin boundaries. Researchers have interchangeably referred to an ESF as either a twin [28] or a twin-nucleus of two layers [29] . A short discussion arguing the use and/or appropriateness of these terms is provided at the beginning of Section 4. However, for the purposes of the present investigation, Weertman's convention [30] is strictly applied as follows:
An ISF is defined when a fault is generated by the removal of a plane of atoms resulting in an ABCA|CABC sequence. Alternatively, when a plane of atoms is inserted into the sequence, it results in an ESF with an ABCA|C|BCA sequence. These sequences can also be observed by the glide of Shockley partial dislocations on adjacent {111} planes, however, only when two partial dislocations bound a double fault it is considered an ESF.
A twin boundary is a plane on which one side of the crystal can be mirrored on to the other and results in an ABCABACBA sequence; with the plane B denoting the twin plane. Confusion arises when looking at the ESF sequence ABCA|C|BCAB; where A and B can be thought of as twin boundaries; which in turn leads to ESFs being referred to as "micro-twins" or "twin nuclei". However, in this paper a twin boundary is delineated by at least three {111} planes on either side of that boundary. It follows that as a minimum, one unit cell is present on either side of the twin; such that the sequence ABCA|CB|ABCA is the minimum number of stacking faults inside the fcc matrix in order for both A and A to be considered twin boundaries. 
Twin nucleation by extrinsic stacking faults in 〈100〉 grains near parallel to the tensile axis
The reaction forms an ESF-ISF pair that subsequently thickens by the glide of a Shockley partial dislocation on adjacent {111} planes. As more and more Shockley partial dislocations glide adjacent to each other, a macroscopic twin is formed. Further evidence of ESFs is provided in the HAADF image of a 〈100〉 grain along the [110] zone axis (Fig. 2b) . Here, an ESF is observed to interact with a twin boundary marked by solid red lines. By following the stacking sequence across the fault, going from the bottom to the top, the stacking sequence is ABCA|C|BCAB; which is consistent with an ESF. It should be noted that this sequence can also be formed by the subsequent glide of Shockley partial dislocations bounded by ISFs [9] . However, by looking at the interaction of the Shockley partial dislocation with the twin boundary, it is confirmed that the partial corresponds to an ESF as follows.
If a Shockley partial dislocation 6[1 ̅ 2 ̅ 1] ⁄ glides on the (111) plane until it reaches the twin boundary, the partial can dissociate according to the following reaction:
As per the schematic in Zhu et al. [31] (Refer to Fig. 3 in that paper) 
Twin growth by extrinsic stacking faults in 〈100〉 grains near parallel to the tensile axis
ESFs can not only serve as nuclei for twin formation but following Mahajan and Chin [14] , can also contribute to the growth of twins. Fig. 3 shows two HAADF images of different twins marked by solid red lines growing by two {111} planes due to the glide of Shockley partial dislocations bounded by ESFs marked by blue "L"s. Fig. 3a depicts a twin grown from six to eight (1 ̅ 11) planes. Although the size of the twin cannot be observed in Fig. 3b as the other twin boundary is not within the field of view, it is evident that it is being displaced (or grown) by two (111) planes. These observations are consistent with the glide of two Shockley partial dislocations bounded by an ESF on {111} planes adjacent to twin boundaries. 
Other twin nucleation mechanisms in 〈100〉 grains near parallel to the tensile axis
While ESFs were evidenced in 〈100〉 grains as shown in Section 3.1, a host of other defects were also present in the low carbon TWIP steel uniaxially tensile loaded up to its ultimate tensile strength of ~1080
MPa and/or 48% true strain.
As a first representative example, the operation of the pole mechanism (a prismatic source) in 〈100〉 grains was observed. Fig. 4a shows a 3 [111] ⁄ Frank partial dislocation marked by a yellow "T" adjacent to an ISF. This is consistent with the pole-mechanism proposed by Venables [19] . As shown schematically in Fig. 15 of Ref. [5] , the mechanism consists of a perfect dislocation that splits into Frank and Shockley partials; such that the Shockley partial then revolves around the Frank partial.
In Fig. 4a , the presence of a Frank partial dislocation and the ISF (caused by the glide of the Shockley partial dislocation) is easily identifiable by following the stacking sequence above and below the Frank partial dislocation. In the top half of the figure, and going from left to right, the sequence is ABCA|CABC whereas in the bottom half of the figure the sequence is ABC|BA|CABC 3 . The stacking fault A|C was most likely introduced by a Shockley partial dislocation whereas the extra plane B corresponds to a Frank partial dislocation.
As a second representative example, the operation of the synchronised activation of partial dislocations was observed. In Fig. 4b four-layer twin is shown with the sequence BACACBABC. As shown schematically in Fig. 4 of Ref. [32] , the total Burgers vector of the Shockley partial dislocations forming the incoherent twin boundary of the four layered twin (marked by the red ellipse) is zero; thereby producing a net zero macrostrain. 
Twin nucleation in 〈111〉 grains near parallel to the tensile axis
Since 〈111〉 grains are favourably oriented for twinning under uniaxial tension, well-developed twins are expected in these grains. Consequently, we investigated the twinning mechanisms in 〈111〉 grains by examining crystal defects near their twin boundaries. A representative example of twin growth in 〈111〉
grains is shown in Fig. 5a . Twin growth by one close packed plane on an adjacent {111} plane occurred by the glide of a Shockley partial dislocation marked by a blue "L" bounding an ISF. 
Discussion
Stacking faults are usually assumed to be intrinsic in nature in fcc TWIP steels [9] due to the classical explanation by means of Schmid's law; wherein the values of the Schmid factor for twinning and the leading partial of ISFs are equivalent [22] . Consequently, previous Schmid factor calculations completely overlooked twin nucleation from extrinsic faults.
Tadmor et al. [33] define an ESF as a two-layered micro-twin or as a fault in the fcc matrix when a second Shockley partial dislocation is emitted on an adjacent (111) plane to a pre-existing ISF. As more consecutive Shockley partial dislocations are emitted in the following (111) planes, the micro-twin grows into a twin.
Following the above rationale, the density functional theory simulations assume that the barrier for the nucleation of ESFs, which is equivalent to a two-layered twin fault, is related to the difference between the energy barrier for twinning partial nucleation as compared to the energy barrier for the emission of a trailing partial dislocation [34] [35] . When the difference is large, ESFs are thought of as relatively uncommon.
However, this rationale implies that twinning follows the sequence whereby a pre-existing ISF transforms to an ESF (or micro-twin), then to a three-layered twin and so on. Most importantly, the formation of an ESF is linked to the pre-existence of an ISF; which is different from the results shown in this study.
The formation of ESFs without pre-existing ISFs has been discussed in previous reports. For example, Yamakov et al. [36] showed the formation of ESFs without pre-existing ISFs and that they consisted of Shockley partial dislocations bounded by a double stacking fault. The formation mechanism is therefore fundamentally different to that described by Tadmor et al. [33] .
In our view, the formation of an ESF without a pre-existing ISF is delineated when the Shockley partial dislocation at the end of the fault is unequivocally identified. With aberration corrected STEM and the strict application of Weertman's convention [30] , we were able to identify the Shockley partial dislocations bounded by a double stacking fault; thereby confirming the formation of ESFs without preexisting ISFs.
The TEM imaging of 〈100〉 grains in a low carbon TWIP steel uniaxially tensile loaded up to its ultimate tensile strength of ~1080 MPa and/or 48% true strain can be summarised as follows (Figs. 1-4): (i) ESFs serve as twin nuclei and also contribute to twin growth. (ii) Twinning via ISFs is also active and can be explained by the operation of the pole mechanism (a prismatic source) as suggested by Venables [19] . (iii) A twinning mechanism involving the synchronised activation of partial dislocations is also operative.
In TWIP steel the existence of both ISFs and ESFs was reported by Idrissi et al. [25] . However, the authors ascribed ESFs as precursors to ε-martensite phase transformation and not as nuclei for twinning.
In a different report, Idrissi et al. [26] found ESFs after 2% tensile strain and attributed the formation of twins to the stair-rod and cross-slip mechanisms [11] . Mahato et al. [37] reported the operation of the same two twinning mechanisms [11, 14] but with the predominant activation of primary twinning at 2% tensile strain through the glide of 6〈121〉 ⁄ Shockley partial dislocations.
In the present study, while 〈111〉 grains showed twin nucleation via ISFs, we did not observe a single ESF in such grains (Fig. 5) . As a consequence, all of the above TEM evidence corroborates and validates our previous Schmid factor -based predictions on the feasibility of twinning nucleation via ISFs in 〈111〉
grains and ESFs in 〈100〉 grains [23] .
With respect to the existence of ESFs in 〈100〉 grains, their nucleation mechanisms deserve mention.
Unlike Karaman et al. [21] who were able to delineate an extrinsic fault nucleation mechanism in [001]
oriented single crystals of a Hadfield steel, four candidate mechanisms could be the causatives behind ESF formation in this study. The likely operation of any or all four nucleation mechanisms could be ascribed to our polycrystalline TWIP steel being uniaxially tensile loaded up to its ultimate tensile strength of ~1080
The first mechanism was proposed by Karaman et al. [21] . They postulated the formation of a LomerCotrell lock by the interaction of two different Shockley partial dislocations on (111) and (11 ̅ 1 ̅ ) planes;
such that the lock acts as a high stress point. If the stress is high enough, the trailing partial will cross-slip onto the (1 ̅ 11 ̅ ) plane. After further dissociating back into the (11 ̅ 1 ̅ ) plane, it forms an ESF. The ESF can be pinned down by interstitial atoms, forests of dislocations or kink formations [21] ; which in turn causes the leading partial to be much more mobile than the trailing partial. Thereafter, the formation of a faulted loop occurs whereby the leading partial lags behind the trailing partial [21] . It is at this point that the leading partial can double cross slip onto the next (11 ̅ 1 ̅ ) plane by the same mechanism as described above. This is consistent with our observations of thin intersecting twins in 〈100〉 grains (Fig. 6) ; which could have been the origin of the observed Shockley partial dislocations bounded by ESFs. The second mechanism was proposed by Mahajan and Chin [14] who suggested that thin twins nucleate from extrinsic-intrinsic fault pairs whose formation is said to occur as per Eq. (1). While this reaction is repulsive in nature, it is feasible in areas of high stress concentration. The twins could subsequently form by the overlapping of many ESFs on successive {111} planes. While the fault pair should have been identifiable in atomic resolution HAADF images, we did not observe the formation of a single extrinsic-intrinsic fault pair. Since the TWIP steel was uniaxially tensile loaded up to its ultimate tensile strength of ~1080 MPa and/or 48% true strain, fault pairs could have recombined and reacted with other dislocations. Lastly, while dislocations bounded by ESFs were observed, the other end of the fault could not be analysed. Therefore there is still a possibility that they were present.
The third mechanism was observed in molecular dynamics simulations of nano-sized Al grains [36] and comprises the direct dissociation of a perfect dislocation directly to Shockley partial dislocations bounded by ESFs. However, this mechanism is deemed unlikely to operate due to a kinematic barrier to their formation [38] .
Alternatively, the fourth mechanism described in the same molecular dynamics simulations [36] is more likely and involves Shockley partial dislocations bounded by ESFs forming at grain boundaries. The latter may be consistent with the study of Gutierrez-Urrutia et al. [4] who claim that twins originate at grain boundaries due to the increased stress caused by the twins in adjacent 〈111〉 grains. However, they attribute this behaviour to a deviation from Schmid's law. On the other hand, if this fourth mechanism is operational, we suggest the possibility of ESFs nucleating at grain boundaries; a proposition that is consistent with our Schmid factor based calculations and the observation of ESFs contributing to twin growth.
Conclusions
Using aberration corrected STEM we comprehensively demonstrate that ESFs serve as twin nuclei and also contribute to twin growth in 〈100〉 grains of a low carbon TWIP steel. Unlike previous studies, the present observations of ESFs in 〈100〉 grains at high tensile strains indicates that twinning in such grains is not necessarily a deviation from Schmid's law. In addition, 〈100〉 grains evidenced twinning through ISFs operating via the pole mechanism as well as twinning via the synchronised activation of partial dislocations. The ESF nucleation mechanisms could involve the formation of a Lomer-Cotrell locks, the formation of extrinsic-intrinsic fault pairs, extrinsically dissociated slip dislocations and/or nucleation from grain boundaries.
